Solid oxide fuel cells (SOFCs) efficiently generate electricity, but high operating temperatures (T op > 800°C) limit their utility. Reducing T op requires mixed ion-electron conducting (MIEC) cathode materials. Density functional theory is used here to investigate the role of potassium substitutions in the MIEC material Sr 1−x K x FeO 3 (SKFO). We predict that such substitutions are endothermic. SrFeO 3 and SKFO have nearly identical metallic electronic structures. Oxygen vacancy formation energies decrease by ∼0.2 eV when x K increases from 0 to 0.0625. SKFO is a promising SOFC MIEC cathode material; however, further experimental investigations must assess its long-term stability at the desired operating temperatures.
Solid oxide fuel cells (SOFCs) provide a clean and efficient means of generating electrical power from various fuel sources. [1] However, high operating temperatures (T op > 800°C) reduce the overpotential arising from standard La 1−x Sr x MnO 3 cathodes, but increase material costs and shorten cell lifetimes. [2] Intermediate-temperature (600°C < T op < 800°C) SOFCs have potential to overcome these deficiencies but in turn require alternative, mixed ion-electron conducting (MIEC) cathode materials to increase the active region and reduce the cathode overpotential. [3] Useful MIEC cathode materials must allow for facile electronic and ionic conductivity. La 1−x Sr x Co 1−y Fe y O 3 remains the reference MIEC cathode [4] [5] [6] [7] although many other cathode materials show promising electrochemical behavior. These include Ba 1−x Sr x Co 1−y Fe y O 3 (BSCF), Sr 2 Fe 2−x Mo x O 6 (SFMO), and Sr 1−x K x FeO 3 (SKFO). [8] [9] [10] Many experimental studies have illuminated the structural properties, oxygen transport kinetics, and electrochemical performance of LSCF, BSCF, and SFMO. [6, [10] [11] [12] [13] Far less is known about SFKO. Hou MgMoO 6 anode) produced a current density competitive with LSCF at 800°C. [9] Repetitive cycling of the cell between open circuit voltage and 0.4 V caused no loss in the observed power density. [9] Furthermore, SFKO cathodes contain no Co, which improves their cost-effectiveness. [14] Additional studies support the use of Sr 0.9 K 0.1 FeO 3 as a SOFC cathode material by offering additional evidence of its stability [15] and demonstrating a viable synthesis method for the material. [16] The small body of experimental evidence supporting SKFO as an MIEC cathode in SOFC applications suggests that further investigation into this material is warranted. [9, 15, 16] Firstprinciples quantum mechanics methods based on KohnSham density functional theory (KS-DFT) have proven useful in providing rational design principles for related materials. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] Here we provide a DFT study of SKFO (x K = 0, 0.0625, and 0.125) aimed at answering three questions. First, does potassium substitution (K / Sr in Kröger-Vink notation [27] ) negatively impact the stability of SKFO? Second, how does the presence of K / Sr substitutions cause the electronic structure of SKFO to differ from that of SrFeO 3 ? Finally, do the holes introduced by K / Sr defects lead to lower oxygen vacancy (V † † O in Kröger-Vink notation [27] ) formation energies and, thus, higher oxygen vacancy concentrations? We address the preceding questions, focusing on the similarities and differences between compositions. This investigation provides fundamental understanding of the effects governing how electron-deficient substitutions in SrFeO 3 -based materials influence their performance as MIEC cathodes.
Our KS-DFT calculations of SKFO (x K = 0, 0.0625, and 0.125) were performed using the Vienna ab initio Simulation Package (VASP) version 5.2.2. [28] Electron exchange and correlation was treated within the generalized gradient approximation (GGA) of Perdew et al. [29] The 80-atom supercell shown in Fig. 1 was employed for all of the calculations reported. Our total energies are converged to 5 meV/formula unit (full computational details are provided in the Supporting Information). The stability of SKFO depends on the energy change associated with K / Sr substitutions. Although initial investigations indicate promising stability for this material, [9, 15, 16] ).
In Eq. (2), n is the number of substitutional defects formed to create the appropriate composition (x K ) of SKFO in the 80-atom supercell. We consider the n = 1 case (x K = 0.0625) and the n = 2 case (x K = 0.125). SrO (B1 structure) and KO 2 are the most stable oxides for each of these cations (see Supporting Information), so these serve as the reference materials in Eq. (1). We calculate the cost per K / Sr formed using Eq. (2). In this case, E K present is the total energy of the 80-atom cell with one or two K / Sr defects present, E host is the total energy of SrFeO 3 in the 80-atom cell, E O 2 is the energy of the isolated oxygen molecule, E SrO is the total energy per formula unit of SrO in its ground-state B1 (NaCl) structure, and E KO 2 is the total energy per formula unit of KO 2 .
The formation energies for K / Sr are reported in Table I . Two key observations arise from the data presented: First, forming K / Sr defects is endothermic. Second, the formation energy per K / Sr does not change for higher
The predicted endothermicity raises questions regarding the reported stability of the material. [9, 15, 16] However, the calcination temperatures used to synthesize this material (T = 700-1100°C) [16] will help stabilize the material as a result of the significant entropic contribution arising from the production of O 2 gas in Eq. (1). The second observation indicates that there is no strong driving force for segregation or ordering of K / Sr defects. This result is consistent with the holes introduced by K / Sr being highly delocalized (vide infra). We therefore expect that the true crystal will not show any ordering of K + and Sr 2+ ions on the A-site sublattice.
The perovskite (cubic) phase is preferred when working with SrFeO 3 -based materials. However, the lattice may undergo a transition to a vacancy-ordered Brownmillerite phase that detrimentally impacts the material's electrical conductivity. We have been unsuccessful in obtaining a reliable optimized structure for the Brownmillerite phase with persistent, nonnegligible imaginary frequencies remaining after relaxation. Thus, we cannot currently comment on whether the phase equilibrium between the perovskite and Brownmillerite phases will be altered by the introduction of K / Sr into the material. In Fig. 2 , we present the projected density of states (PDOS) for SKFO (x K = 0 and 0.125). Although K is present in these cells, the 4s and 3p states from the K atoms do not have a significant presence near the Fermi level. We therefore focus on the Fe 3d and O 2p states. When x K = 0.125, we place the two K (Table I ).
The PDOS contain the same features whether K is present or absent. Both compositions exhibit a pair of broad peaks in the α-spin channel for the Fe 3d states and a strong (mostly unoccupied) Fe 3d peak in the β-spin channel beginning just below the Fermi level. This peak in the β-spin Fe 3d states is the primary cause of the metallic conductivity in SKFO. We also observe that the significant hybridization between the Fe 3d and O 2p states remains when K is present. We therefore can see that the electronic structure of SrFeO 3 is essentially preserved up to 12.5% K / Sr on the A-site sublattice. The PDOS for Sr 0.875 K 0.125 FeO 3 confirms the metallic conductivity observed experimentally for SKFO above 350°C. [9, 16] We cannot evaluate the experimentalists' assertion that a polaronic mechanism governs electronic transport below this temperature.
We augment our analysis of the PDOS shown in Fig. 2 by presenting the Fe magnetic moments and Bader charges for all species (Table II) Table II) . Likewise, we observe a decrease in the negative O Bader charge of 0.01-0.02 e per site. The lattice must find a way to accommodate each K / Sr that renders 0.78 e (q Sr − q K in the third and fourth rows of data in Table II) From the preceding analysis, we conclude that the holes introduced by K / Sr substitutional defects are delocalized across both Fe and O sublattices. This conclusion is consistent with Functional Oxides Research Letter the presented PDOS (Fig. 2) , which show significant hybridization between the O 2p and Fe 3d states. 
In Eq. (4), E defective is the energy of the supercell with a V † † O present, E O2 is the energy of the isolated oxygen molecule, and E host is the energy of the supercell without a V † † O defect. The thermal contributions, both enthalpic and entropic, from the host and defective solids are expected to be comparable and therefore can be neglected (e.g., we computed the thermal contribution to ΔG f,vac from the solids to be only 0.02 eV at 700°C in LaFeO 3 ). [20, 21] We include thermal contributions from the O 2 molecule because they contribute significantly at SOFC operating temperatures. [20, 21] While the free energy (ΔG f,vac ) governs the V † † O concentration, our assumption about the negligible thermal contributions means that trends in ΔE f,vac should mirror those in ΔG f,vac .
The O concentration for x K = 0.0625 far lower than the concentration we employed. This effect must be balanced against the fact that larger x K concentrations (e.g., x K = 0.125) not considered here contain far more holes and may lead to lower ΔG f,vac values. The limitation of our preliminary study is that we have only investigated the scenario where x K and δ are equal to one another. The material, as synthesized by Hou et al., has δ = 0.20 at 800°C. [9] Exploring different ratios of K
O is beyond the scope of this work; however, such an investigation should yield insight into the V † † O formation process when more holes are present in the supercell.
The preceding analysis has successfully answered the questions we posed at the start of this work. We find that potassium substitution is endothermic in SKFO raising questions about the long-term stability of this material for use in SOFC applications. Endothermic K / Sr substitutions may lead to phase instability at lower operating temperatures where the entropic driving force associated with producing O 2 (g) does not outweigh the energetic cost of forming the substitutional defect. Experimentalists should determine whether the endothermicity of these substitutions necessitates high-temperature SOFC operation. Our oxygen vacancy formation energies differ from previous studies of electron-deficient substitutions (e.g., Sr 2+ for La 3+ in La 1−x Sr x FeO 3−δ ) [20] in related materials. Specifically, the charge compensation effect in La 1−x Sr x FeO 3−δ leads to dramatic drop of ∼3.5 eV in ΔG f,vac when increasing x Sr from 0 to 0.25. In contrast, we find only a small [20] The same effect in SKFO plays a smaller role (∼0.2 eV) because the holes are delocalized (vide supra) and the Fe ions remain trapped between the 3+ and the (less stable) 4+ oxidation states.
We have presented a DFT-based analysis of SKFO (x K = 0, 0.0625, and 0.125). Potassium substitutions introduce more Fe 4+ ions by oxidizing the Fe sublattice. However, these substitutions are endothermic, suggesting that SKFO may be unstable at the desired lower operating temperatures. The presence of potassium in SKFO is predicted to lower the oxygen vacancy formation energy by ∼0.20 eV, leading to the expectation of somewhat higher oxygen vacancy concentrations and improved oxygen ion conductivity compared to SrFeO 3 . This increase in the oxygen vacancy concentration comes without substantial alterations in the electronic structure when SKFO and SrFeO 3 are compared. Further study of this material will determine its suitability for SOFC applications and may lead to improved SOFC devices.
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